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a  b  s  t  r  a  c  t

The  key  aim  of  this  study  was to determine  single  mechanical  properties  of  clarithromycin  polymor-
phic  forms  in  order  to  select  some  of  them  as  more  suitable  for the  tableting  process.  For  this  purpose,
AFM  single-point  nanoindentation  was  used.  The  Young’s  moduli  of  clarithromycin  polymorphs  were
substantially  different,  which  was  consistent  with  the  structural  variations  in their  packing  motifs.  The
presence  of  the  adjacent  layers,  which  can easily  slide  over  each  other  due  to the  low  energy  barrier  (the
lowest  Young’s  modulus  was  0.25  GPa)  resulted  in  better  bulk  compressibility  (the  highest  Heckel  coef-
ficient)  of  clarithromycin  Form  I. We  also  addressed  the  importance  of  tip geometry  screening  because
the  stress  during  the force mode  often  results  in tip  apex  fracture.  Even  the  initial  manufacture  of  the
diamond-coated  tips  can  result  in defects  such  as double-apex  tips.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Anticipating a bulk powder’s compressibility based on the
mechanical properties of single crystals may  be beneficial for
the development and formulation of solid dosage forms. Namely,
intrinsic mechanical properties dictate the success of tableting,
in which a predominantly elastic behavior may  result in capping
or lamination of tablets or increase the particle size distribu-
tion during grinding (Shariare et al., 2012). Other fundamental
features of the crystal’s mechanical attributes that should be
taken into consideration are polymorphism, the crystal’s variable
habits, the existence of amorphous domains, and crystallographic
defects (Brittain and Byrn, 1999; Grant, 1999). Therefore, dis-
tinct molecular packing and conformations, as well as the shape
of the crystallites, determine the overall mechanical behavior of
various polymorphic forms and are distinctive for pharmaceuti-
cal crystals. Clearly, plastic deformation is desirable for tableting
because it contributes to permanent alteration of the particle’s
shape and increased contact area and binding (Sun and Grant,
2001). The fundamental principles of plastic deformation in crys-
tals include gliding (slipping), twinning, and kinking (Sprackling,
1976). Therefore, this issue underlines the need to construct a rel-
evant database for single mechanical properties of pharmaceutical
crystals.
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Clarithromycin (Clar) is a semi-synthetic macrolide antibiotic
that exhibits excellent antibacterial activity against gram-positive
and gram-negative bacteria, anaerobic bacteria, mycoplasma, and
chlamydia. Clar exists in seven polymorphic forms designated as
Form 0, Form I (Iwasaki et al., 1993), Form II (Stephenson et al.,
1994), Form III (acetonitrile solvate) (Liang and Yap, 2008), Form IV
(water solvate) (Avrutov et al., 2003), Form V (hydrochloride salt)
(Parvez et al., 2000), and methanol solvate (Iwasaki et al., 1993).
Form 0 is described as a solvate of Clar and can be prepared through
recrystallization in solvents such as ethanol, isopropyl acetate, iso-
propanol, and tetrahydrofuran (Spanton et al., 1999). In contrast,
the crystalline structures of Forms I and II result from differences
in their crystal packing.

The unit cell within Forms 0, I, and II has been identified as
orthorhombic (Spanton et al., 1999). Clar dosage forms currently
on the market are formulated from the more stable Form II (Lui
et al., 2003). On the other hand, Form I has a 3-fold faster intrin-
sic dissolution rate than Form II, which has implications for the
prospective application of this form in new drug formulations.

Atomic force microscopy (AFM) has been widely employed to
characterize the surface morphology, growth mechanisms, and
surface energy of various crystalline materials (Ito et al., 2005;
Picker-Freyer et al., 2007; Kiang et al., 2004; Guo and Akremitchev,
2004; Trojak et al., 2001).

With the development of nanomechanical testing, nanoinden-
tation techniques have provided new insight into the applicable
length scale of deformation in crystalline materials because a
nanoindentation probe is very sensitive to the heterogeneous
nature of the material being tested. Recent advances in the
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manufacture of diamond-tipped AFM cantilevers with improved
wear resistance and a larger tip radius have expanded the applica-
tion of AFM in nanomechanical characterization of a vast range of
materials. Indentation-type AFM or single-point nanoindentation
is frequently used to measure the nanomechanical properties of
crystals. In this mode, the tip approaches the surface and indents
the sample until the set force is accomplished. After this, the tip is
retracted from the surface. The data from each cycle are represented
in the form of a force-versus-distance graph. Finally, by analyzing
the deformation of the sample as a function of the force, the elas-
ticity in terms of Young’s modulus can be calculated (Bedoui et al.,
2008; Butt et al., 2005; Cappella and Dietler, 1999; Sweers et al.,
2011). The ability to visualize the morphology of the sample surface
and measure Young’s modulus on a small volume of material repre-
sents the crucial advantages of this technique. This is an especially
important issue in the pre-formulation stage of drug development,
when only a limited amount of active ingredients are available for
analysis.

It is worth recalling that different polymorphic forms recrystal-
lized from various solvents may  have different physical properties
such as solubility and stability. On the other hand, this paper
emphasizes contrasts in their mechanical properties that make one
or the other more suitable for processing (i.e., milling) and manu-
facturing (i.e., tableting).

In this study, the impact of polymorphism on the elasticity of
Clar crystals is revealed for the very first time using AFM single-
point nanoindentation. The importance of tip geometry monitoring
during nanoindentation as well as tip radius determination are also
addressed. Concerning the fast data throughput and reliability of
the results from nanoindentation via AFM, our ultimate goal is to
evaluate the method’s suitability for preformulation research of
pharmaceutical solids as well as quality assurance in the pharma-
ceutical industry.

2. Experimental

2.1. Materials

The 6-O-methylerythromycin A (clarithromycin) was provided
by Merck, NY, USA. Acetone (Panreac Quimica, Barcelona, Spain),
tetrahydrofuran (Carlo Erba, Reagents, Milan, Italy), isopropanol,
and heptane (Merck, Darmstadt, Germany) were used as solvents
for recrystallization.

2.2. Experimental procedures

2.2.1. Preparation of the polymorphic forms
2.2.1.1. Polymorphic Form I: recrystallization from tetrahydrofuran
(THF). The process of preparing the Clar polymorphic forms rep-
resents the conversion of its solvate (Form 0) into Forms I and II
by using numerous organic solvents of their mixtures and heating
them at various temperatures.

A solvate of Clar was prepared by recrystallization from THF. A
mixture of 7 g of the Clar sample and 20 ml  of THF was warmed to
reflux at 60 ◦C for 20 min. The clear, hot solution was  than filtered
(Sartorius 388 filter paper) and the filtrate was cooled slowly to
ambient temperature without any mixing. This solvate was dried in
a vacuum oven at 50 ◦C for 4 h. Large, opaque dome-shaped crystals
of Form I were isolated (Lui et al., 1999).

2.2.1.2. Polymorphic Form II.
2.2.1.2.1. Recrystallization from isopropanol–heptane. A mix-

ture of 2 g of Clar and 25 ml  of isopropanol was warmed to reflux
(at 68 ◦C) for 20 min. The hot mixture was filtered and the filtrate
was heated again to 68 ◦C, followed by the addition of 25 ml  of hep-
tane. The solution was slowly cooled to ambient temperature. The

resulting solids were collected by filtration and dried in a vacuum
oven at 50 ◦C for 8 h. Transparent prismatic Form II crystals were
isolated (Lui et al., 1999).

2.2.1.2.2. Recrystallization from THF–water mixture. A suspen-
sion of Clar (10 g) in THF (50 ml)  was warmed to reflux (66 ◦C) for
20 min. The hot solution was  filtered to remove insoluble material.
The filtrate was again heated to 66 ◦C, followed by the addition of
water (50 ml). This solution was  slowly cooled to ambient temper-
ature and the excess solvent was decanted. The resulting solid was
dried in a vacuum oven at 50 ◦C for 8 h. Large, opaque pyramidal
crystals were formed (Lui and Riley, 1998).

2.2.1.2.3. Recrystallization from acetone. A mixture of Clar
(10 g) in acetone 100 ml  was  heated to reflux (56 ◦C) for 15 min. The
hot solution was  filtered in order to remove all remaining solids.
The filtrate was then cooled slowly to ambient temperature and
the excess solvent was  decanted. The resulting solid was  dried in
a vacuum oven at 50 ◦C for 4 h. Large, opaque crystals the shape of
rhomboid prisms were isolated (Lui and Riley, 1998).

2.2.2. Identification of crystalline forms
Differential scanning calorimetry (DSC) was used to identify

polymorphic forms of Clar. DSC thermograms were recorded by
a DSC 1, Mettler Toledo instrument (Columbus, OH, USA). The anal-
ysis parameters were followed: sample weight ∼5 mg,  placed in a
covered, perforated aluminum pan, and heating rate 10 ◦C/min in
a temperature interval from 25 to 340 ◦C/min under a dry nitrogen
purge (50 ml/min).

2.2.3. Determination of surface and mechanical properties of Clar
polymorphs

Tapping mode AFM images of crystals morphology were
acquired on a Nanoscope III multimode scanning probe microscope
equipped with an E-type scanner (Veeco, Santa Barbara, CA, USA).
Sharp silicone probes (NTESPA5, Veeco, Santa Barbara, CA, USA)
with a nominal spring constant of 42 N/m (resonance frequency
256–349 kHz) were used for imaging in tapping mode. Data were
recorded at a scan rate of 1.5 Hz and stored in 512 × 512 pixel
format. The images obtained were processed using Nanoscope soft-
ware. For optimal image quality of structural details, third-order
flattening was applied.

2.2.3.1. AFM nanoindentation measurements. Crystals of Clar were
glued to the metallic stubs using a fast-setting epoxy adhesive
(Araldit 2012, Ciba, Australia). The horizontal top crystal faces were
selected for the indentation measurements.

2.2.3.1.1. Nanoindentation measurement procedure. In the
nanoindentation experiment, the tip approaches and presses into
the surface in order to cause a small and reversible deformation
of the sample. The nanoindentation measurements involved
recording the deflection-displacement curves (Fig. 1a) at different
locations along the flat crystal surface. At least 150 curves were col-
lected from different locations for each sample investigated. Curves
with any inelastic contribution (hysteresis between approaching
and retracting curves) were not taken into consideration.

In order to calibrate the deflection sensitivity of the cantilevers,
several plots were collected on mica because neglected deforma-
tion is present in the contact zone between the AFM tip and the
mica sample surface.

All measurements were performed using diamond-coated AFM
tips with a nominal spring constant of 44 N/m (Nanosensors, Wet-
zler, Germany).

2.2.3.1.2. Data analysis. The raw deflection curves (Fig. 1a)
were first converted to force separation curves (Fig. 1b) by the
extrapolation of two  linear segments and by using the spring con-
stant of the cantilevers. Negative separation on these curves repre-
sents the deformation (ı) in the contact region. In the following
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Fig. 1. AFM force curves: (a) a typical deflection versus piezo displacement curve obtained from the measurement. (b) A force-versus-separation curve obtained from the
force–displacement curve. (c) Force to the power of 2/3 versus deformation.

case, the separation includes z-piezo displacement, cantilever
deflection, and sample deformation. These curves were then con-
verted into force-deformation curves (Fig. 1c) by indentifying the
contact point. This includes determination of the zero point on the
separation axis by visual inspection of the data and replotting them
in the form of F2/3 vs. deformation (ı), where linear dependence
between these two values should be obtained (Fig. 1c). The contact
point is deemed to be the value that gives the optimum linearity
between the F2/3 and ı.

In order to extract Young’s modulus, the Hertz model was used
to analyze the force curves (Hertz, 1826). Briefly, the Hertz theory
neglects any adhesion between surfaces in contact, and thus only
approaching curves were used for elasticity calculations.

In this model, the force between the parabolic intender and a
flat surface is given by Eq. (1):

F = 4
√

Rc

3
E

1 − �2
ı3/2 (1)

where F is the force, Rc is the radius of the tip curvature, E is Young’s
modulus, � is Poisson’s ratio, and ı is the deformation.

Linear segments along the F2/3 versus ı curve were fitted to a lin-
ear equation and the coefficient r2 value was determined for every
fit, calculating Young’s modulus as a function of deformation. Only
fits with an r2 over 0.95 were used in the analysis. The confidence
interval for fit parameters was 95%.

The key feature for accurate calculation of Young’s modulus
according to the Hertz model was determination of the tip radius
of curvature.

Before surface probing and after every 40 curves, probes were
placed on double-sided carbon tape (diameter 12 mm,  Oxon,
Oxford Instruments, Oxfordshire, UK) and imaged with a scan-
ning electron microscope (SEM) (Supra 32 VP, Zeiss, Oberkochen,
Germany) with an acceleration voltage of 10 kV and a secondary
electron detector. The local curvature calculation was  numerically
implemented using a quadratic approximation to the parabolic
geometry of the tip obtained from the SEM images. The tip radius
can be approximated in the apex vicinity of the parabola by y = x2/2R
with a focal length of R/2. The curvature calculations were made
with the Matlab® program.

2.2.4. Bulk mechanical properties
Because the Clar powders differed in powder size and morphol-

ogy, the materials investigated were first manually ground in a
mortar in order to minimize the potential effects of these vari-
ables on powder compaction properties. In order to confirm this,
the median size (D 50), average size of particles (D [3,4]), and SPAN
were determined, with a laser scattering–based particle sizer (Mas-
tersizer S, Mavern Instruments, Malvern, UK).

The dispersion of powdered sample in water was  pumped
through the circulating flow system with a small volume

dispersion unit. For better wetting of Clar powder, a few drops of
1% SDS solution were added.

Bulk mechanical properties were determined by compressing
the ground pure Clar powders with a factory instrumented Kil-
lian SP300 single-punch tableting press (Killian, IMA, Cologne,
Germany) with round flat-faced punches (d = 12 mm). The com-
pression force was  measured by full Wheatstone bridge strain
gauges at the lower and upper punches, coupled with a linear dis-
placement transducer mounted at the upper punch. Tablets of each
sample investigated were compressed at pressures ranging from
125 to 154 MPa. Other input parameters were the following: tablet
masses were approximately 745 ± 1 mg  and the tableting rate was
set at 25 tab/min. Tablet mass was determined using a Sartorius
1773 analytical balance (Goettingen, Germany). In addition, the
true density of powdered Clar forms was measured in triplicate
with a helium pycnometer (AccuPyc 1330, Micromeritics, Norcross,
GA, USA).

Compressibility was  evaluated using “in-die” Heckel analysis
(Heckel, 1961), for which punch deformation (10.26 �m/kN) was
considered and excluded by the interpretation. We  are aware that
the “out-die” approach is preferred for determination of bulk pow-
der compressibility due to the exclusion of elastic determination,
but the “in-die” method was utilized in this study. The main reasons
for this were the strong lamination tendency of Clar powders (mea-
suring the tablet’s dimensions and porosity were infeasible) and
the limited amount of powders available for this bulk compaction
study. Based on our experience with pharmaceutical excipients,
one measurement at different pressures is enough to obtain the
relevant results for the “in-die” approach because the mean defor-
mation properties of millions of particles are calculated (Ilić  et al.,
2011, 2012).

The Heckel profiles were obtained by plotting the natural loga-
rithm of porosity (−ln ε) versus compression pressure (P). The slope
of the linear part of Heckel profiles (20–100 MPa) represents the
rate at which porosity reduces upon increasing compression pres-
sure and is represented by K or Heckel’s coefficient. As reported in
the literature, K comprises the material’s compressibility (Heckel,
1961).

3. Results and discussion

3.1. Identification of the polymorphic forms

Form II was successfully prepared by recrystallization from
acetone, THF/water, and isopropanol/heptane, as stated in the
patent descriptions (Spanton et al., 1999; Lui et al., 2003). On the
other hand, Form I was obtained only by recrystallization from a
polar aprotic solvent such as THF. However, our efforts to prepare
Form I from solvent mixtures such as ethanol/heptane and iso-
propanol/heptane were fruitless in spite of the literature data (Lui
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Fig. 2. Results of DSC analysis of different Clar polymorphic forms in the temper-
ature range from 50 to 250 ◦C in a N2 atmosphere. The presence of the exothermic
phase-transition peak at 135.8 ◦C is characteristic of Form I.

et al., 2003). In this regard, involving polar protic solvents in the
recrystallization procedure resulted in the isolation of the more
stable Form II after the drying process.

DSC measurements confirmed the presence of Forms I and II
(Fig. 2). The thermograms of Form II show only an endothermic
peak at 227 ◦C that corresponds to the Clar melting point. On the
other hand, the presence of an exothermic solid phase-transition
peak at 135.8 ◦C was found for Form I only.

3.2. Surface and mechanical property analysis with AFM

3.2.1. Morphology characterization
It  is worth recalling that slow temperature cooling was found

to be the most productive approach for isolating the large Clar

crystals from different solvents. All solutions were filtered in
order to minimize the possibility of heterogeneous nucleation
from any impurities such as dust particles. Furthermore, super-
saturation was  gradually reached by cooling the undersaturated
solution from its elevated temperature (55–70 ◦C) to room tem-
perature, and optimization of the protocol allows crystals to be
grown 24 h. These large, well-defined crystals were ideal candi-
dates for AFM experiments related to sample preparation. Fig. 3
shows the surface morphologies of Clar polymorphs. Tapping-
mode AFM imaging of the dominant crystal face revealed a layered
structure. Steps as well as numerous kinks along their length were
observed on Clar Form II crystals prepared from acetone (Fig. 3a).
The plate-like terraces between steps were formed during the sin-
gle nucleation process. Moreover, layers with stacked faults were
visualized on the Clar Form II surface prepared from THF/water
(Fig. 3b). In addition, several molecular islands of new steps were
revealed. On the other hand, a distinctly different surface morphol-
ogy was  noticed in the case of Clar crystals recrystallized from
isopropanol/heptane (Fig. 3c). A terraced structure with parallel
layers (lamellar organization) is typical for this type of crystal.
According to the literature, this morphology is induced by a two-
dimensional nucleation and growth mechanism (Liu et al., 2011;
Piskunova and Askhabov, 2007). Comparing the morphology of
these three Clar II forms shows that the number of surface irregu-
larities and consequently the amount of roughness increases in this
order: THF/water > acetone > isopropanol/heptane.

The typical surface morphology of Clar Form I is shown in
Fig. 3d. The terraces are elongated in the faster growth direction
and their morphology seems to suggest that growth occurs by two-
dimensional nucleation.

The step heights were measured considering many sections at
different height images of Clar Forms I and II. The histograms of the
step heights are represented in Fig. 4. Because the data were signif-
icantly drawn from a normally distributed population according to
the normality test, the median of step heights was  calculated.

Fig. 3. Height images of Clar Form II crystals prepared from acetone (a), THF/water (b), isopropanol/heptane (c), and Form I crystals prepared from THF (d). Gradual cooling
of  the Clar solution in THF without mixing induced the two-dimensional nucleation and terrace-like structure of Form I (d).
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Fig. 4. Histograms of the step height measured in different sections of raw height images. (a) Form II (acetone): median step height 1.0 nm. The total number of observations
is  40. (b) Form II (THF/water): median step height 2.1 nm.  The total number of observations is 30. (c) Form II (isopropanol/heptane): median step height 0.9 nm.  The total
number  of observations is 50. (d) Form I (THF): median step height 1.2 nm.  The total number of observations is 50.

The dimensions of the Clar II crystal unit reported in the liter-
ature are as follows: a = 2.0 nm,  b = 2.4 nm,  and c = 0.9 nm (Iwasaki
et al., 1993). Slightly different data for the Clar I crystal unit are
described in the literature (a = 1.4 nm,  b = 3.5 nm,  and c = 0.9 nm)
(Noguchi et al., 2012).

The step heights of 1.0 nm and 0.94 nm for the Form II isolated
from acetone (Fig. 4a) and that from isopropanol/heptane (Fig. 4b),
respectively, correspond well to the distance between adjacent
planes (dimension c) in the crystal structure as reported in the
literature (Iwasaki et al., 1993).

On the other hand, the step heights of 2.1 nm and 1.2 nm for
Form II recrystallized from THF/water (Fig. 4b) and Form I (Fig. 4d)
agree well with the a dimension of the crystal unit cells (2.0 nm and
1.4 nm)  (Iwasaki et al., 1993; Noguchi et al., 2012).

Aside from the terrace-like structure of the crystal surfaces,
roundish growth islands were also identified at the crystal surface
of Form I (Fig. 5) when the solution was mixed. Steps developed by
twisting around its axis during growth resulted in the spiral orga-
nization of layers (Kashchiev, 2000). This symmetry of the surface
structure suggests the absence of a preferential growth direction.
On the other hand, gradual cooling of the Clar solution in THF with-
out mixing induced two-dimensional nucleation and a terrace-like
structure (Fig. 3d).

3.2.2. Elastic modulus measurements
Our studies involved a few millimeter-sized crystals of Clar

Forms I and II. Depending on the solvent used in the recrystalliza-
tion process, crystals exhibit various habits. Dominant crystal faces
were probed with the AFM tip because this area contributes most

to the material’s physical and mechanical properties. The Young’s
moduli collected from the two  different crystals of each form are
represented in Fig. 6 and summarized in Table 1. Because some of
the data were significantly drawn from a normally distributed pop-
ulation according to the normality test, the medians of the Young’s
moduli were calculated. Namely, Clar Form I is significantly more
elastic compared to Form II prepared from different solvents. Clar
Form II prepared from THF/water was  stiffer compared to other
isomorphs (Table 1), which is connected with the 2-fold larger step
height of its crystal layers.

Fig. 5. Height image of the Clar Form I crystal surface. Spiral dislocations, observed
at  the surface of Clar Form I, are induced by mixing the solution with a magnetic
stirrer during the recrystallization step.
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Fig. 6. Histograms of Young’s moduli for: (a) Clar Form I (THF); (b) Clar Form II (THF/Water); (c) Clar Form II (acetone); and (d) Clar Form II (isopropanol/heptane).

The summary of our experimental findings was  that variations
in the molecular packing of the Clar polymorphic forms strongly
affect the mechanical properties of its crystals; isomorphic forms
have slightly different stiffness due to changes in the crystal habits;
and, finally, the thermodynamically most stable polymorph is Form
II, due to its higher Young’s modulus (Storey and Ymén, 2011).

The reason for these results lies in the crystallographic
structures of the polymorphic forms investigated. That is, the
crystallographic data for Clar II demonstrate a densely zigzag
arrangement of the molecules (Tian et al., 2011). In such systems,
the layers within the crystals are interlocked, and consequently
deformation occurs with much greater difficulty due to a larger
energy barrier (Tian et al., 2011; Sun and Grant, 2001). Evidently,
Clar II crystals are stiffer (i.e., they have a larger Young’s modu-
lus). On the other hand, molecules arranged in a layered packing
mode are characteristic of the less stable polymorphic Form I of
Clar. In addition, the Clar molecules are aligned parallel along the
a axis in a head-to-tail manner. For this reason, the energy barrier
is lower (slip between layers is favored), and, consequently, crys-
tals are more elastic (i.e., a lower Young’s modulus) (Sun and Grant,
2001).

Variations of Young’s modulus were as great as several GPa
and can be attributed to the different crystal unit orientations
(anisotropy) and Young’s modulus dependence on indentation
depth; that is, depending on the number of crystal layers that the
AFM tip is actually pressing. The other fact that leads to signifi-
cant scattering of the results is the discrepancy in contact point
determination.

3.2.3. Reliability of the AFM nanoindentation results
The AFM single-point nanoindentation approach relies on the

Hertz contact model, which is, however, based on assumptions

and parameters that can be determined with only limited accu-
racy. Poisson’s ratio has minimal influence on the actual Young’s
modulus values. Generally, it is presumed that polymers and soft
biological samples have a Poisson’s ratio of 0.5, compared to 0.1–0.3
in the case of concrete materials. In our case, we used 0.3 for
the calculations because the Clar crystals are classified as solid
materials.

The tip radius of curvature in practice deviates from the man-
ufacturer specification, even up to 100%. Taking this fact into
consideration, it is therefore essential to measure the tip radius
before and after the experiments. In our case, according to the man-
ufacturer’s specification, the tip radius was supposed to be less than
200 nm.  We  took SEM micrographs of the diamond-coated AFM tips
and calculated the tip radii according to the procedure described
in the methods section. A diversity of values for the tip radii of
curvature was confirmed.

However, estimation of the tip radius in the contact zone often
consists of manual thresholding. Therefore, its impact on calcula-
tion of Young’s modulus according to the Hertz equation is difficult
to approximate.

Aside from the tip radius, it is also important to monitor the
tip geometry during nanoindentation because the tip shape can be

Table 1
Median of Young’s moduli of the Clar polymorphic forms investigated.

Materials Median of Young’s
modulus (GPa)

Counts

Clar Form I (THF) 0.3 91
Clar Form II (THF/water) 6.8 80
Clar Form II (acetone) 5.3 90
Clar Form II (isopropanol/heptane) 5.7 101
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Fig. 7. SEM images of the diamond-coated AFM tips. (a) AFM tip before measurement. Magnification reveals double apex of the tip. (b) Appropriate spherical geometry of
the  tip. (c) Spherical AFM tip before measurements and after 40 force curves (magnification). (d) AFM Tip apex fracture.

influenced by wear (Calabri et al., 2008; Kopycinska-Muller et al.,
2006). Tip geometry can be initially inappropriate due to the man-
ufacturing process, which is evident in some cases as a double tip
apex (Fig. 7a). These types of tip defects strongly affect the elasticity
calculation because the Hertz theory is only valid for the sphere-
on-flat model. Because the first contact between any asperity on
the tip and the sample determines the zero distance (Butt et al.,
2005), when there are such double-apex tips the contact point will
be misinterpreted. For this reason, tip geometry screening was  per-
formed before the measurements (Fig. 7c) as well as after each of
the 40 force curves (Fig. 7c magnification). On the other hand, the
stress during force mode can result in fracture of the tip apex, which
is illustrated in Fig. 7d. In this particular case, one can see that the
tip apex was broken during nanoindentation.

An additional issue that should be considered is the deflection
sensitivity variations (Guo and Akremitchev, 2004). Thus, several
curves were obtained on mica in order to obtain consistent deflec-
tion sensitivity values (±5%).

Although the Hertz model provides a correct estimation of
the elastic interaction forces between the tip and the sample
(r2 > 0.95), it generally holds only for isotropic bodies (Hertz, 1826).
Clar crystals appear to be mechanically isotropic at a macro-
scopic scale, but they are actually anisotropic at the nanometer
scale because the mechanical properties of single crystals are
dependent on the orientations of the crystalline units, molecu-
lar packing, and also crystal defects. Therefore, it is essential to
collect a large number of force curves (>100) for surface prop-
erty mapping of anisotropic materials in order to obtain relevant
results.

3.3. Bulk mechanical properties

The compaction of different Clar forms revealed pronounced
tablet lamination upon ejection from the die. The origin of this phe-
nomenon lies in extensive elastic relaxation in the decompression
phase and the high elasticity of Clar crystal forms (i.e., low Young’s
modulus). Upon removal of the compression pressure, the stored
elastic energy is released, which results in breakage of the interpar-
ticle bonds formed (i.e., the surfaces in contact at the atomic level)
and eventually severe lamination. Due to this effect, the tablets’
tensile strength could not be measured.

The particle size was determined using laser diffractometry in
order to exclude the impact of this parameter on compression
properties of Clar powders investigated. The results are given in
Table 2. All Clar forms showed unimodal distribution and compa-
rable particle size (both average D [3,4] and median D 50), as well as
comparable SPAN values. Furthermore, Clar Form I showed slightly
lower true density compared to Form II.

The Heckel coefficients (K), as a measure of bulk compressibility,
are summarized in Table 3.

The results (Table 3) demonstrated that the most compressible
powder was  Clar Form I with the highest K (0.0178 MPa−1) com-
pared to the considerably poorer deformation properties of Clar
II from isopropanol/heptane and acetone (0.0126–0.0129 MPa−1).
We also observed low porosity of Clar I at 100 MPa, confirming its
higher compressibility.

Another fundamental feature was  the low porosity of Clar II from
THF/water at 100 MPa. This form had medium to high compress-
ibility, but also the highest initial density observed at low pressures

Table 2
Average (D [3,4]) and median (D 50) particle sizes, SPAN, and true densities of Clar powders investigated.

Sample D [3,4] (�m) D 50 (�m) SPAN �true (g/cm3)

Clar Form I (THF) 257.5 188.8 0.69 1.1701
Clar  Form II (THF/water) 257.8 229.8 0.57 1.1855
Clar  Form II (acetone) 236.3 175.9 0.68 1.1848
Clar  Form II (isopropanol/heptane) 282.2 239.1 0.58 1.1883
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Table 3
Heckel analysis results of clarithromycin forms studied.

Sample Heckel coefficient,
K (MPa−1)

Porosity at
100 MPa  (%)

Form I (THF) 0.0178 5.3
Form II (acetone) 0.0129 7.0
Form II (isopropanol/heptane) 0.0126 9.3
Form II (THF/water) 0.0165 4.9

in the Heckel profile—both effects resulting in its final low porosity
during compaction (Table 3).

It should be noted that “in-die” Heckel compressibility results
include both elastic and plastic deformation properties of the
material studied. These two deformation mechanisms cannot be
separated using the “in-die” approach; however, the validity of the
“in-die” profile may  be confirmed by observing the decompres-
sion curve. When correct deformation of punches and the tableting
machine are taken into account, the decompression curve should
be approximately horizontal, as it was in our case (data not shown).

3.4. Single versus bulk mechanical properties

One might assume that stiffer crystals (i.e., higher Young’s mod-
ulus) are more desirable because they are less prone to elastic
energy storage during compression and elastic relaxation in the
decompression phase. On the other hand, crystals with slip planes
(i.e., lower Young’s modulus) are expected to have superior tablet-
ing properties because the sheets of molecules glide across one
another much more easily (Sun and Hou, 2008; Karki et al., 2009).

Based on AFM measurements of Young’s modulus and crystallo-
graphic data, we initially hypothesized that Form I would be more
suitable for compressing. Evidently, the presence of the adjacent
layers, which can easily slide over each other due to the low energy
barrier (i.e., lower Young’s modulus) (Table 1), yield crystals with
superior bulk compressibility (i.e., the highest Heckel coefficient)
of Clar Form I (Table 3).

The lack of slip planes resulted in a more rigid structure of Clar
Form II isomorphs (i.e., a larger Young’s modulus) (Table 1) and
therefore such structures are more difficult to deform, possibly
requiring higher compression pressures or a longer dwell time for
sufficient plastic flow, fragmentation, and bond formation to occur.

The differences in compressibility between the Clar II forms
can be attributed to numerous extrinsic factors that influence the
compaction process on the bulk level, such as crystal anisotropy,
presence of crystal defects, crystal habit, particle size distribution,
particle shape, roughness, porosity, surface area, and many others
(Nordstrom et al., 2012; Roberts and Rowe, 1987; Alderborn, 2003;
Rasenack and Muller, 2002; Picker-Freyer et al., 2007; Hooton et al.,
2003). The influence of extrinsic factors is especially evident in case
of Clar Form II from THF/water. A greater number of surface irregu-
larities (possibly related to a greater number of structural defects)
and more roughness led to a higher Heckel coefficient compared to
other isomorphs of Form II.

Nevertheless, Clar II forms display generally poorer com-
pressibility due to their greater rigidity, determined with AFM
measurements.

4. Conclusion

In summary, we introduced the AFM nanoindentation technique
to compare and contrast the mechanical properties of clar-
ithromycin polymorphic Forms I and II recrystallized from different
solvents. The Young’s moduli of the clarithromycin polymorphs
measured were substantially different, which was consistent with
the structural variations in the packing motifs. Form II is stiffer

(∼6.0 GPa) compared to Form I (0.3 GPa) due to the dense zigzag
arrangement of layers within the crystals. These results suggested
that Form I would be more suitable for tableting due to the layer
organization within the crystals, which can slide more easily due
to the lower energy barrier related to greater elasticity. This was
confirmed at the bulk level with the superior compressibility of
clarithromycin Form I (the highest Heckel coefficient). We  also
addressed the importance of monitoring the tip radius of curvature
as well as tip geometry during AFM single-point nanoindentation
studies. The tip can be fractured due to the stress during nanoin-
dentatation, greatly contributing to uncertainties in determination
of Young’s modulus. Ultimately, AFM single-point nanoindentation
provides the opportunity to relate the mechanical properties of
actual crystals of pharmaceutical materials to their processability
and to improve the performance of final dosage forms during the
early pre-formulation phase.
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